ABSTRACT Assessment of equipment trip is needed for proper estimation of interruption/disruption cost and voltage sag mitigation. The equipment trip depends on the severity of voltage sag and the tolerance of the equipment toward the sag. However, the occurrence of voltage tolerance of an equipment in between the two known bound levels is uncertain in nature. The existing evaluation methods for equipment trip analysis fail to properly assess this uncertain property of voltage tolerance curves. This paper presents a novel approach to assess the equipment trip by handling the uncertainties by using fuzzy probability and possibility distribution. A new method is proposed to transform a rigorously performed statistical data into a fuzzy possibility distribution function, which eliminates the ambiguity that comes with the non-standardized selection of membership function/possibility function. With the proposed method, the statistical data are used to extract the fuzzy probability distribution of voltage sag intensity, which is given by both the magnitude and time duration of voltage sags, while the concept of fuzzy probability is used to calculate the fuzzy trip probability or equipment failure probability. The proposed method is finally applied to estimate the number of trips for six different sensitive equipments connected to two practical Indian distribution systems.
I. INTRODUCTION
The advent of efficient and low cost power electronic devices with a fast paced modernisation, sophistication and digitization of industrial process has led to an aggravation of sensitivity to voltage sag by industrial equipment [1] . The equipment with high sensitivity [2] are observed to cause more number of equipment trips while those with poor sensitivity offers a good ride through capability. Equipment trip due to voltage sag and short interruptions lead to direct and indirect financial losses which includes but not limited to loss of revenue, lost opportunity, product damage and depreciation of equipment [3] , [4] . However because of lack of proper assessment of equipment trips, plant owners tend to spend millions on FACTS devices to mitigate the voltage sag and in the process over-investment becomes the preferred option over proper assessment [5] . Thus an accurate method of assessing equipment trip is needed to determine financial losses and to facilitate investment decision with regards to mitigating solutions [6] , disruption cost analysis [7] and reduce the financial loss due to process trip [8] . A state of art review is found on financial losses due to power quality issues [9] and impact of mitigation techniques.
Analysis of equipment trip can be broadly classified into experimental method, probabilistic method, and fuzzy random assessment method. The evaluation of equipment trip through the use of ITIC (Information Technology Industry Council) or CBEMA (Computer Business Equipment Manufacturers' Association) curves is simple but lacks the consideration of uncertainty in tolerance curves of sensitive equipment. Even though experimental method is considered the most accurate way of assessing equipment trip, it suffers from the constraints of high cost and longer duration of sample collection. The probabilistic method proposed in [10] considers the equipment's tolerance level against voltage sag as a stochastic random event, the probability density function of which follows a standard density function based on rigorous experimental data. The annual financial losses due to voltage sags are estimated using probabilistic estimation method [11] , [12] . A new probabilistic methodology is developed based Monte Carlo simulation (MCS) for equipment trip assessment [13] , which gives number of equipment trips as a probability distribution. However, the uncertainty in occurrence of equipment's tolerance level carries a very weak information which allows the uncertainty to be better handled by fuzzy random assessment methods rather than by probabilistic methods.
An extensive review on the applications of fuzzy theory is available in [14] . The application of fuzzy theory involves the transformation of random event into fuzzy membership function. Equipment trip probability is evaluated with the application of fuzzy theory in [15] and [16] . The use of α-cut method proposed in [15] converts the fuzzy random event into probabilistic event by considering the probability density function of tolerance level as uniform and membership function of the tolerance level as triangular with mean of the tolerance limit as the peak point of the membership function. There exists another method which takes experimental route [16] to determine membership function for the tolerance level of equipment assuming its density function as uniform in distribution. Both the papers, however, do not consider a standardized way of assigning membership functions, thus leaving an area of research still left to improvise and hence provide better standardized results. The limitations of α-cut method is explained in [17] . The problem in handling uncertainty by fuzzy random assessment lies mainly with the non-standardized methods of assigning membership function to tolerance level. The paper presented here proposes an approach to standardize the formation of membership function by converting a probability density function into a membership function [18] and thereupon uses fuzzy probability introduced by Zadeh [19] to estimate the number of equipment trip.
Section II gives a brief introduction to voltage sag characteristic. The probabilistic method used for equipment trip assessment is described in section III. Section IV presents the proposed method in details along with the proposed algorithm. It is shown here that there exists another way of assessing equipment trip with the use of Zadeh's concept of fuzzy probability. The proposed algorithm gives an intuitive overview of the proposed method. Section V discusses and analyses the results obtained from the proposed method. Section VI finally concludes the paper with a conclusion remark on the proposed method's relevance and future scope.
II. CHARACTERISTICS OF VOLTAGE SAG AND EQUIPMENT TOLERANCE LEVEL
A voltage sag at a bus does not guarantee an equipment trip. For an equipment to suffer a trip or a failure, the severity of a voltage sag must be greater than the tolerance level of an equipment. This constraint can be visualised in a better way with the help of a scatter diagram. A scatter diagram of a voltage sag depicts the 2 coordination points i.e voltage magnitude and time duration as shown in Fig. 1(a) . The rectangular curves imposed on the scatter diagram are the tolerance level curves of equipment. The interesting characteristic of tolerance curves is that it can occur at any position within the upper and lower bounds as shown in Fig. 1(b) . It is evident from the scatter diagram that the voltage sag points which lie on the left of the minimum tolerance level do not suffer from equipment failure due to voltage sags, as the severity is less than the tolerance of the equipment. In a similar way the voltage sag points lying on the right side of the maximum tolerance curve are one hundred per cent prone to equipment failure.
However the uncertainty begins when the tolerance curve lies in the intermediate state between the two extremities. The position of tolerance curve at the time of a voltage sag, hence, plays an important role in estimating the trip suffered by sensitive equipment. To better handle the uncertainty in tolerance curve, the uncertain region is discriminated into three regions [15] as shown in Fig. 1(c) 
III. PROBABILISTIC METHOD FOR ESTIMATION OF EQUIPMENT FAILURE
As discussed in section II, the failure event Z comprises of all the elements such that the severity of voltage sag, s is greater than the tolerance level of the sensitive equipment, t. Thus we can write:
If f (s) is considered as the probability density function of the voltage sag severity and f s (V d ) and f s (T ) are considered to be the probability density function of voltage sag magnitude and time duration respectively, we can write:
when sag points lie in region II f s (V d ).f s (T ); when sag points lie in region III f s (T ); when sag points lie in region I
Similarly if f (t) is considered to be the probability density function of equipment tolerance level, we can write:
for region I
where f t (V d ) and f t (T ) are the probability density function of voltage depth and time duration of equipment tolerance level. Now, the probability of tolerance level t 0 lying in a small interval of width dt is the area of f (t) curve under dt; that is f (t 0 )dt The probability that a voltage sag severity value s 0 greater than t is given by
The probability of voltage sag severity s 0 in the interval ds while s 0 > t, hence
From here on, we will term eq. (4) as individual sag trip probability, as we will be able to estimate the trip probability for individual sag points. However, If s 0 extends from −∞ to ∞ then the probability of (s > t) in a particular section, termed as conditional sag probability, is given by eq. (6) as
However since we are interested in estimating the trip probability in the aforementioned uncertain region, the above expression can be written as
This is graphically represented as the overlapping area between severity density function and tolerance level density function as shown in Fig. 2 . 
IV. PROPOSED METHOD ON EVALUATION OF EQUIPMENT TRIP
The proposed method involves fuzzification of tolerance level and thereupon the fuzzification of equipment failure condition is established. A special case is also discussed regarding a type of equipment sensitivity called as uniform sensitivity.
A. FUZZIFICATION OF TOLERANCE LEVEL OF SENSITIVE EQUIPMENT
The occurrence of voltage sag is a stochastic event, that is, it may have a random probability distribution or a pattern that can be analyzed statistically but its actual precised prediction cannot be guaranteed. The method of critical distances and the method of fault positions are the two most common stochastic methods to determine the voltage sag [20] , [21] . However, the voltage tolerance level of equipment depends on its types, configurations, functions, loading conditions, and installation sites, etc., which are all inherently uncertain or evidently fuzzy in nature. Thus it would be a better VOLUME 6, 2018 choice to use fuzzy set theory instead of using stochastic methods. It is to be kept in mind that tolerance level is also a two variable index i.e. time duration and voltage magnitude.
If we consider membership function as possibility of an event to occur, then depending on the sensitivity of the equipment we can assign membership degree for each of the tolerance curve within the range. But for this purpose we would need to have a prior knowledge about the sensitivity of that equipment. Fortunately, from the perspective of probability distribution function, sensitivity of an equipment is broadly classified into four categories viz. uniformly sensitive, moderately sensitive, highly sensitive and poorly sensitive [10] . To carry forward the discussion, we have chosen a moderately sensitive equipment (e.g PC), the tolerance probability density function of which is a normal distribution function. If we can assign a membership degree between 0 and 1 to each of the tolerance points in the probability density function from the perspective of probabilistic point of view, then we can fuzzify the tolerance curve. As discussed previously, 0s are assigned to those elements whose likeliness of occurring is 0% and 1s are assigned to those having a 100% likeliness of occurrence. Now, the normal density function of a voltage tolerance can be written as
where V d0 is the mean and σ v is the standard deviation of voltage sag magnitude.
where all the voltage magnitudes are considered in per unit system.
If
] then a fuzzy membership function of a voltage tolerance curve can be related to a probability density function (pdf/PDF) by the following expression
where V dm is the node, which is chosen to maintain symmetry and preserve information while conversion of probability density function into possibility density function takes place. A factor 2 is multiplied to scale the membership function to 1.
In general for w, the membership function can be written as
The parameters of f (w) when it is chosen as a normal density function are given as,
B. FUZZIFICATION OF UNIFORMLY SENSITIVE EQUIPMENT: A SPECIAL CASE
A uniformly sensitive equipment follows uniform probability density function, which assigns equal probability to all the events. That is to say, all the outcomes have an equal probability to occur. This feature infers a state of ignorance or indecisiveness when one is asked to choose an outcome from a set of possible outcome. In other words a uniform probability density function does not have any modes.
To obtain a possibility distribution of such uniformly sensitive equipment's tolerance level, t m instead of taking the values of modes, takes the value of uniform density function's mean. The use of mean in the case of uniformly sensitive equipment can be interpreted as: although all the events are equally likely to occur, the event at mean is more plausible to occur than the rest [18] .
C. FUZZIFICATION OF EQUIPMENT FAILURE CONDITION
As mentioned earlier, the condition for an equipment to suffer a trip or a failure is that the severity of voltage sag must be greater than the tolerance level of equipment. That is if s is considered as the severity of voltage sag at a bus and if t is considered as the tolerance level of an equipment, then for a trip to occur we will have a failure event [22] set Z, as given in eq. (1). We had begun our discussion by considering tolerance level, t, as a fuzzy event. This consideration entails the trip of an equipment to be a fuzzy event as well, as uncertainty in trip comes from the uncertainty in tolerance even when the voltage sag is considered as a stochastic event. Thus we can consider the failure event Z as a fuzzy event.
Lets recall the fuzzy probability expression given by Zadeh
The fuzzy probability that a voltage sag severity value s 0 greater than t , derived from eq. (13) is given by
let us write
where f Z (t) is the fuzzy probability density function of tolerance level. Akin to probabilistic method, eq. (14) is considered as individual sag fuzzy probability. The fuzzy probability of tolerance level s 0 in the interval ds while s 0 > t is hence
When s 0 extends from t min to t max , it gives
Now, the eq. (17) is considered as a conditional sag fuzzy probability. The above expression is graphically represented as the overlapping area between severity density function and fuzzy tolerance level density function as shown in Fig. 3 . 
D. EVALUATION OF EQUIPMENT TRIP BY FUZZY POSSIBILITY-PROBABILITY METHOD
In our discussions so far we have seen how classical probability theory can be used to compute equipment trip probability. But because of the nature of tolerance level of equipment and fault condition being fuzzy, we have proposed a novel method to analyze equipment trip by the use of fuzzy possibility given in eq.(10).And thus fuzzy probability is given by the eq. (17) .
If N trip is considered as the sag frequency in the n uncertain regions r, then the total expected number of trips can be written as
The flowchart in Fig. 4 shows the algorithm which emulates the proposed method graphically. The algorithm first obtains the voltage sag points, mean and standard deviation (S.D) from a voltage sag assessment at any bus of interest. This data together with the parameters of tolerance level viz. tolerance limits, mean and mode based on the sensitivity chosen for the analysis are used as inputs to the fuzzy trip probability assessment. A user might be interested in analyzing either individual sag probability or conditional sag probability or both. This feature hence splits up the algorithm into two assessments. The formulation for each of the assessment is given in the flow chart from the equations mentioned in the previous sections. The assessment for all the uncertain region is same in terms of expression and only difference that discriminates the analysis of the three regions is the expression of pdf of tolerance level of sensitive equipment as mentioned in section III. For the sake of simplicity, the assessment of only one region is shown. However, the same assessment is followed for the other regions taking into consideration the expression of pdf of tolerance level of the equipment. A point worthy of notice is that the propose algorithm only takes care of the assessment of the sag points in the uncertain regions, the sag points outside the uncertain region are not considered as their affect on the equipment trip is certain.
E. PROPOSED METHODOLOGY ON AC CONTACTORS
Even though the methodology presented till now is shown for simple rectangular characteristics, the same can be applied for non linear sensitive equipment like AC contactors where the region of uncertainty is not a simple rectangular area as found in case of PC, ASD or PLC. AC contactors incorporate point on wave as one more factor of influence along with voltage magnitude and time duration. The characteristics of ac contactor is shown in Fig. 5(a) , where the region of uncertainty is given by the shaded region. For the sake of simplicity, the 0 • point on wave is modified to obtain four piece wise rectangular subregions [10] , as shown in Fig. 5(b) . The probability of occurrence of tolerance characteristics for each subregion is different depending on the probability distribution functions of voltage magnitude and time duration, as mentioned in [10] . The different probability functions for each subregion is presented in Table 1 . As the sub-regions are modified as rectangular, the proposed method holds valid for contactors and thus the proposed algorithm can be applied to the same.
V. RESULT AND DISCUSSION
In this paper, the major goal is to analyze the equipment trips due to voltage sags. For this purpose, the voltage sags/dips for the test systems are evaluated and these sag information are used to evaluated trip probability and total number of trips for different equipment. The sag magnitude depends on different factors such as fault type, faulted line and fault location and all these factors are having randomness inherently. Monte Carlo simulation (MCS) method is well known for it's capability to handle the randomness in the variables. Patra et al. [23] are used MCS method for voltage sag assessment, where, fault type and location for a particular line are generated randomly. In this study, voltage sags are evaluated by using a modified MCS method described in [7] and [24] . In this method, fault type, line and location are randomly generated for each fault and utilized to evaluate the voltage dips in the system. In this paper, voltage sag duration is also generated randomly. All results are evaluated in a simulation environment with the help of MATLAB 2015a software.
A. CASE STUDIES
The proposed method is performed on two different practical systems i.e. Barak Valley subtransmission system, Assam, India and chemical plant distribution system, Uttarakand, India. The result analysis is carried in two different case studies. The case 1 and case 2 represents the results of barak Valley subtransmission system and chemical plant distribution systems. 
1) CASE 1
In case 1, the voltage sags of Barak Valley subtransmission system are used to validate the proposed method. The system is shown in Fig 6. The system comprises one 220 kV transmission in-feed, 132 kV and 33 kV sub-transmission systems with 92 km and 390 km respectively, five 132/33 kV substations and one 220/132 kV substation. Bus number 12, a 132 kV paper industry bus (Hindustan Paper Corporation Limited), is chosen as the bus of interest. A back up protection up to 400 ms clearing time is assumed for the 132 kV line. Total 125 faults are simulated in the system to evaluate the voltage sags in the bus 12. The voltage sag points are shown in Fig. 8(a) . 
2) CASE 2
In case 2, the voltage sags of chemical plant distribution system are used for equipment trip analysis. The system is shown in Fig. 7 . The system comprises 132 kV substransmission in-feed and 25 MVA capacity 132/6.6 kV substation. The system has total 4 km of 6.6 kV underground cables with 68 number of major load points (considered as buses). Total 115 faults are simulated in the system to evaluate the voltage sags and bus 5 is arbitrarily selected for equipment trip analysis. The voltage sag points for this system at bus 5 are shown in Fig. 8(b) . 
B. EQUIPMENT SENSITIVITY
The voltage sag points given in Fig. 8 are used to evaluate the fuzzy trip probability of different equipment i.e. PC, PLC, ASD, 5 hp motor, starter and AC contactor. For evaluation of fuzzy trip probability, equipment sensitivity details are required i.e. voltage magnitude and duration details. The equipment voltage magnitude and duration sensitivity details are given in Table 2 for the equipment which are having rectangular sensitivity curves (PC, PLC, ASD, 5 hp motor and starter). For AC contactors, the voltage magnitude and duration limits are assumed based on the sensitivity curve and shown in Fig. 5 .
The parameters for probability distribution function are evaluated using eq. (11) and eq. (12) . The parameters of normal distribution and uniform distribution are given in Table 3   TABLE 2 . Equipment sensitivity details [25] . for different sensitivities and equipment. The normal and uniforms distribution functions represent moderate and uniform sensitivity respectively. The AC contactors are having combinations of uniform and normal distributions depending on regions and are given in Table 1 .
C. CLASSIFICATION OF SAG POINTS
The equipment sensitivity curves have three different regions namely normal operating region, uncertain region and failure region as shown in Fig. 1 and Fig. 5 . The sags points falls under the normal operating region does not cause the equipment trip. On the other hand, sags in failure region causes equipment trip with 100% possibility. The analysis in this work is concentrated on uncertain region only because of sag points in this region may or may not cause the equipment trip. Hence, the equipment trip due to sags in this region is uncertain. The uncertain region is sub-divided in different regions (Region I, Region II, Region III and Region IV) based on the impact of sag magnitude and duration i.e. in different regions, the impact of sag magnitude and duration is different on the equipment trip. The number of sag points in different regions are given in Table 4 and Table 5 for case 1 and case 2 respectively (NA indicates that the region does not exist in the sensitive curve of that equipment). From the Table 4, Table 5 and Table 2 , it is clear that the equipment which is having narrow tolerance curve has lesser sag points in the uncertain region. 5 hp motor, starter and AC contactor are having more sag points in the failure region compared to other equipment. The sensitivity limits of the AC contactor VOLUME 6, 2018 is very less and maximum limits are very less as well, hence, very few sag points falls in the uncertain region.
D. FUZZY TRIP PROBABILITY
The fuzzy trip probability of equipment in uncertain region is evaluated by using the methodologies described in section III and section IV. The individual fuzzy trip probability of each sag point in the uncertain region is shown in Fig. 9 for PC, PLC, ASD and 5 hp motor for case 1 with moderate sensitivity. From the Fig. 9 , it is obseraved that most of the sags points are having less fuzzy trip probability and are less vulnerable to equipment trip. Sag duration has more impact on equipment trip compared to sag magnitude. ASD and 5 hp motor are more vulnerable to sags points in the uncertain region compared to PC and PLC. Hence, more care should be taken where ASD and 5 hp motors are installed in the system.
The region wise individual fuzzy trip probability of sag points are given in Fig. 10 for a starter with moderate sensitivity. The starter has less sag points in the uncertain region compared to PC, PLC, ASD and 5 hp motor, but, the fuzzy trip probability of each sag point are more comparatively. It is very clear that starter is more sensitive to voltage sags compared to other equipment.
E. EQUIPMENT TRIPS
Total number of trips are evaluated for different equipment with different sensitivity i.e. uniform and moderate sensitivity. The total number of equipment trips in the uncertain region is given in Table 6 for case 1. Starter, 5 hp motor and ASD are having maximum number of trips in the uncertain region for both the sensitivities. PC and PLC are having very less number of trips. The moderate sensitivity is accounted less number of trips compared to uniform sensitivity. No sag points occurred in the uncertain region 2, hence, no equipment trips in this region. From these results, it is observed that starter, 5 hp motor and ASD are more prone to voltage sags occurred in the uncertain region. The total number of equipment trips in the uncertain region is given in Table 7 for case 2. The ASD and 5 hp motor are having more number of trips compared to other equipment. Unlike case 1, here, PC, PLC and starter are having almost same number of trips. The PC and PLC are having more number of trips in case 2 as compared to case 1. Here also, the moderate sensitivity is giving less number of trips than the uniform sensitivity. In overall, all equipment are almost equally effected due to voltage sags in the chemical plant and should get equal care.
The total number of equipment trips for AC contactor is given in Table 8 for both the cases. As the assumed tolerance curve narrow and very less sag points comes within the uncertain region. The tripping possibility of AC contactor in the uncertain region is negligible, on the other hand, more sag points lies in the failure region of the tolerance curve. It is clear that AC contactors are sensitive to the voltage sags. The conditional trip probability of an equipment is evaluated in different uncertain regions. The conditional trip probability indicates possibility of equipment trip while a sag point falls in the uncertain region. The conditional trip probability of different equipment is given in Table 9 for both normal and uniform sensitivity. If the conditional probability is more then possibility of trip occurrence is high and vice versa. From Table 9 and Table 6 , it is observed that ASD has highest number of trips but its having less conditional trip probability compared to 5 hp motor and starter in region 1. The uncertain region 1 have more conditional trip probability for all equipment except PLC. PLC is having less sensitivity to sags occurred in the uncertain region compared to other equipment. The proposed equipment trip assessment method is validated by comparing the results with probabilistic method. The total number of trips for different equipment is compared in Table 10 for normal sensitivity for case 1. From the Table 10 , it is clear that the number of trips are reduced significantly in all uncertain regions for all equipment with proposed fuzzy trip assessment method. The comparison of equipment trip for individual sag points are given in Table 11 for PC. Few sag points are taken arbitrarily for comparison purpose. The equipment trip probability is considerably less with proposed fuzzy approach compared probabilistic method. The improvements with fuzzy approach is possible because of fuzzy has more capability in handling uncertainty in the analysis. It has proved in the literature for many engineering applications.
VI. CONCLUSION
The integration of fuzzy and probability, although, has already been introduced in various fields but its applications in the engineering problems are found to be limited. One of the limiting factors in the use of fuzzy probability is the difficulty in following a standardized way of assigning membership functions. Hence, this paper has proposed a standard methodology to assign membership function by treating the same as a possibility function and constructing the possibility function from the standard probability density function. The proposed methodology has estimated equipment fuzzy trip probability for PC, PLC, ASD, 5 hp motor, starter and contactor. It was observed that ASD, 5 hp motor and starter are more sensitive in the uncertain region. The effectiveness of proposed method was validated by comparing the results with probabilistic method. The results of these paper clearly show that the methodology is suitable and efficient in handling the assessment of equipment trips for simple rectangular as well as nonlinear tolerance sensitive equipment. The results were improved and more realistic in the proposed methodology. The results brings new analytic insights to decide the investment plans on sag mitigation to protect the equipment. The assessment of process trip and downtime cost estimation of industrial process due to equipment trip could be considered as the related future scopes of the application of the proposed method. Although the proposed method is applied to a specific problem of assessing equipment trip probability, it could also be used to assess a generalized problem of strength and stress failure analysis, thus covering a wide range of engineering problems related with failure analysis and could also be used in general mathematical problems involving probability and fuzzy logic. His current research interests include distribution system reliability, power quality assessment and mitigation, damage assessment, electric vehicles integration, distribution system restoration, and fuzzy applications in power systems.
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